Objective: HIV-infected people are at increased risk of cancers of infectious origin. We estimated the burden of cancer attributable to infections among HIV-infected people in the United States in 2008.
Introduction
People infected with HIV are at an increased risk of developing cancers of infectious origin [1] . The prevalence of some oncogenic infectious agents is higher in HIV-infected people than in the general population [e.g. human papillomavirus (HPV), hepatitis C virus (HCV)], because many of these infectious agents share sexual and parenteral transmission routes with HIV [1] . Immunosuppression due to HIV also enhances the risk of persistent infection and neoplastic progression of several oncogenic viruses [2] [3] [4] . Noninfectious cofactors such as tobacco and alcohol consumption are also more frequent in HIV-infected people, and may contribute to excess cancer in this population [5] [6] [7] . Finally, since 1996, combined antiretroviral therapy (cART) has reduced the incidence of some virus-associated malignancies, but increasing longevity provides more time for malignancies to develop [8] [9] [10] .
We previously reported the burden of cancers attributable to infection in the general world population [11] . We now use the same methods to estimate this burden among HIV-infected people during the cART period. HIVinfected people in the United States were chosen on account of the wider range of information available compared to other countries in which only small cancer and HIV-linkage studies have been possible [12, 13] . HIV has been classified as carcinogenic to humans by the International Agency for Research on Cancer (IARC), and is considered to cause cancer indirectly through immune suppression and the increased expression of the effects of oncogenic viruses [1] . Therefore, we do not attribute any cancers directly to HIV, but only to infections that may act in conjunction with HIV.
Methods

Choice of infectious agents and cancer sites
We consider infectious agents that have been classified as carcinogenic to humans by IARC [1] , that is, HPV, Epstein-Barr virus (EBV), hepatitis B virus (HBV), HCV, Helicobacter pylori and Kaposi sarcoma-associated herpes virus (KSHV) (see Supplemental Digital Content 1, Appendix Table 1 , http://links.lww.com/QAD/ A750). Other carcinogenic infectious agents were not included because they are very rare in the United States, namely human T-lymphotrophic virus type 1, Opisthorchis viverrini, Clonorchis sinensis, and Schistosoma haematobium.
Cancer sites and histological types included (see Supplemental Digital Content 1, Appendix Table 1 , http:// links.lww.com/QAD/A750) are those for which an association with at least one infectious agent was reported in the same IARC volume [1] . Non-Hodgkin lymphoma (NHL) was subdivided by site and histology. NHL located in the central nervous system (CNS) was considered as a single cancer site regardless of histology. The remaining non-CNS NHLs were classified as diffuse large B-cell lymphoma (DLBCL), Burkitt lymphoma, and other NHL types collectively referred as 'other non-CNS NHL', which were not considered associated with infections.
Data sources
Cancer incidence
The HIV/AIDS Cancer Match (HACM) study (www.hivmatch.cancer.gov) is a population-based, registry-linkage study of HIV and cancer registries covering the period 1980-2010 in 14 US states and metropolitan regions [9] . Seven HIV registries provided data on both people with AIDS and people with HIV in the absence of AIDS (HIV-only) for the period 1996-2010, and seven additional registries collected data only on people with AIDS [14] . Cases of HIV infection, with or without AIDS, are reportable to these registries through passive and active surveillance systems. Records from HIVinfected people were linked to cancer registry records using a probabilistic matching algorithm. Data from all registries active in any given year were merged, creating two separate cohorts (people with AIDS or HIV-only). In the sequel, the two cohorts are collectively referred to as HIV-infected people. Children (aged 0-14 years) were excluded, on account of the different cancer types involved compared to adults. Only aggregated counts of cases and person-years were retained for analysis. Institutional review boards at participating sites approved the HACM study, as required.
Information on malignancies was obtained from cancer registries and coded according to the International Classification of Diseases for Oncology (third edition) [15] . Cancers were classified by site and histology using a modification of the Surveillance, Epidemiology, and End Results (SEER) Program's 'site recode with Kaposi sarcoma and mesothelioma' [15] .
HIV-infected population
Estimates of the number of HIV-infected people in the United States in the year 2008 were obtained from the Centers for Disease Control and Prevention (CDC) using previously described methods [16] .
Estimation of cancer incidence rates Site-specific case counts and person-years at risk in the HACM study were cross-tabulated by calendar year (1996-2010); age (from 15-19 years and then in 10-year age bands to 70 years); sex; race/ethnicity (nonHispanic white, non-Hispanic black, Hispanic/Latino, other/unknown); HIV transmission category [MSM, intravenous drug users (IDUs), MSM IDUs, heterosexual, other, unknown]; AIDS or HIV-only; and, among people with AIDS, time since AIDS diagnosis (0-11 months, 12-35 months, 36-59 months, 60 months). For each cancer site associated with infection, Poisson regression models were used to estimate incidence rates using the above cross-classifying variables as covariates. A separate Poisson regression model was fitted to the total incidence of all cancer sites not associated with infection. All covariates were fitted as categorical variables except for calendar year, which was fitted as a continuous variable to give a log-linear trend with time. Bayesian regularization was used to avoid overestimation of rate ratios when data were sparse [17] . To find the most parsimonious model, stepwise covariate selection was carried out, minimizing the Akaike Information Criterion (AIC). The stepwise selection allows the complexity of the model to adapt automatically to the quantity of available data, and the AIC chooses the model that gives the best predictions [18] .
Model fit was evaluated by comparing observed and predicted case counts by calendar year. A poor fit was observed for Kaposi sarcoma, CNS NHL and non-CNS DLBCL due to the rapid decline in incidence of these cancers following the introduction of cART in 1996, which was not consistent with a linear time trend. Therefore, only data from the period 2002 to 2010 were used for Kaposi sarcoma and NHL.
Cases of non-CNS NHL of unknown histology were reclassified as one of DLBCL, Burkitt lymphoma, or 'other specified non-CNS NHL' in proportion to the number of cases in each category. The proportions were estimated by fitting a multinomial regression model. Stepwise variable selection was again used to find the most parsimonious model for reclassification.
Centers for Disease Control and Prevention estimates of the HIV-infected population in the year 2008 were crossclassified by the same risk factors as the HACM data ( Table 1 ). Estimated incidence rates derived from the Poisson regression models fitted to the HACM data were then applied to the CDC population estimates to give the estimated number of incident cancers. Calculation of confidence intervals (CIs) is described in the Appendix (see Supplemental Digital Content 1, http://links.lww. com/QAD/A750).
Attributable fraction
The attributable fraction for oncogenic infections is the proportion of new cancer cases that would have been prevented in a population if all infections had been avoided or treated before they cause cancer. Prevalence in cases is a valid attributable fraction estimate when the presence of infection in cancer using gold-standard methods is sufficient to infer that infection causes the cancer [11] . Attributable fraction estimates in HIVinfected people for each infectious agent and its associated cancer site are given in the Supplemental Digital Content 1 (Appendix Table 1 , http://links.lww.com/QAD/ A750). In most cancer sites except gastric cancer [19] , we used the proportion of cancer cases positive for the infectious agent as the attributable fraction estimate. These proportions were derived from case series conducted in the HIV population for lymphomas and liver cancers, or in the general population when robust data from HIV-infected people were not available or when the literature shows little or no difference in attributable fractions in HIV-infected people compared to the general population. Except for nasopharyngeal cancer, we only used findings from studies carried out in the United States (when possible), North America, or Western countries. For EBV and DLBCL, we used an attributable fraction lower than estimates from the pre-cART era, reflecting improvements in immune function in the HIV-infected population (see Supplemental Digital Content 1, Appendix, http://links.lww.com/QAD/A750).
Comparison with general population
Estimates of the burden of cancer in the general population of the United States were calculated as previously described [11] in order to provide a comparison between the general population and the HIV-infected population. (Table 2 ). Figure 1 shows the burden of cancer attributable to infection in relation to the total cancer incidence (Fig. 1a) , and the breakdown of infection-attributable cancer by agent (Fig. 1b) for both the general US population and the HIV-infected people (for further details, see Appendix Table 3 ). In the general US population, the proportion of cancers attributable to infection was 4% [11] compared to 40% in the HIVinfected people (Fig. 1a) . In a sensitivity analysis adjusting the age and sex distribution of the general population to match that of the HIV-infected population, the proportion of infection-attributable cancers in the general population increased from 4 to 5%, showing that the much higher proportion of infection-attributable cancer in HIV-infected people is not due to demographic differences. Figure 1b shows infectious agents among cancers attributable to infection. This represents the same cases as the upper panel, but shows the distribution after removing cancers nonattributable to infection (shown in gray in Fig. 1a ). The spectrum of infectious agents causing cancer in the general population is quite different from the HIV-infected population. H. pylori causes a much smaller proportion of infection-attributable cancers in the HIV-infected population than in the general population. Conversely, EBVand KSHV cause a higher proportion of infection-attributable cancers. Liver cancers due to HBV and/or HCV account for a similar proportion of infection-attributable cancers in the HIV-infected people (11%) and the general population (13%) (data not shown). Table 3 shows the breakdown of infection-associated cancers and corresponding attributable fractions by age, race/ethnicity, and combination of sex and risk groups. The attributable fraction in HIV-infected people was highest in young people (attributable fraction 69% in age group 20-29 years, 95% CI 65-72), and this decreased with age. Sixty-nine percent of the cases of infectionattributable cancers occurred in MSM and MSM-IDU, among whom the highest infection-attributable fractions are also found (attributable fraction 48%, 95% CI 46-50; and attributable fraction 46%, 95% CI 43-50, respectively), due to the high number of both Kaposi sarcomas (n ¼ 631 in MSM, n ¼ 60 in MSM-IDU) and anal cancers (n ¼ 313 in MSM, n ¼ 44 in MSM-IDU) in these groups compared to others. Figure 2 shows age-specific incidence rates of cancer attributable to individual infections or nonattributable to infection (for further details see Appendix Table 4 ). The incidence rate of cancer nonattributable to infection steeply increased with age, but the incidence of infectionattributable cancers increased very little after the age 30 years. The composition of cancers due to different infectious agents, however, varied substantially by age group. Below the age of 30 years, nearly all infectionattributable cancers in the HIV-infected people were due to KSHV or EBV. Incidence rates of cancers attributable to HPV increased after age 30, and those of cancers attributable to HBV/HCV and H. pylori increased after age 40.
Results
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Discussion
We estimate that 40% (95% CI 39-42) of cancer cases occurring in HIV-infected people in the United States are attributable to infectious agents. This attributable fraction is 10 times as high as in the general US population (4%), and higher than the attributable fraction in the general population of any world region, including sub-Saharan Africa, where 33% of cancers are attributable to infection [11] .
The important infection-associated cancer sites in HIVinfected people are Kaposi sarcoma, NHL, and, especially in men, anal cancer. In contrast, in the general US population, they are noncardia gastric, liver, and cervical cancer. Liver cancer accounts for a similar proportion of infection-attributable cancers in HIV-infected people and in the general population. In the United States, Kaposi sarcoma is nearly exclusively detected in HIV-infected people, mainly in MSM patients with low CD4 þ cell count [20] . Our estimates show that even in the cART era, Kaposi sarcoma accounts for nearly a third of the burden of infection-attributable cancers in HIV-infected people. Its absolute and relative contribution is highest in the younger age groups. Approximately 14% of people with HIV in the United States are unaware of their HIV status [21] , and this proportion is much higher in the youngest age groups, reaching 51% in the age group 15-24 [21] . This suggests that many cases of Kaposi sarcoma are occurring among people not previously aware of their HIV infection. Earlier detection and treatment of HIV infection is therefore the best available strategy to prevent Kaposi sarcoma.
Lymphomas due to EBV comprise around 30% of all infection-attributable cancers in HIV-infected people.
The attributable fraction for EBV in lymphomas varies substantially by histological type and immune status (see Supplemental Digital Content 1, Appendix, http:// links.lww.com/QAD/A750): it is larger for CNS lymphoma, immunoblastic DLBCL types, and in the severely immunosuppressed [14] . Nearly all adults are infected with EBV, and there is no preventive or therapeutic strategy against the infection. As with Kaposi sarcoma, early detection and uninterrupted treatment of HIV infection is at present the best way to prevent EBVattributable NHLs. The beneficial effect of cART on the onset of centroblastic DLBCL, Burkitt lymphoma, or Hodgkin lymphoma is less well defined but certainly weaker than for CNS NHL and immunoblastic DLBCL [14, 22, 23] .
Anal cancer is by far the most frequent HPV-attributable cancer in HIV-infected people in countries where MSM account for a large proportion of HIV-infected people [8] . As in the general population, nearly all anal cancers in HIV-infected people are caused by HPV infection, specifically HPV16 [24] . Screening has been advocated for some HIV-infected subpopulations, especially MSM, using cytology and high-resolution anoscopy [25] . However, anal cancer screening is far less well validated and standardized than screening for cervical cancer. Better screening protocols are essential to improve outcomes and reduce rates of invasive cancer [26, 27] .
The burden of HPV-attributable cervical, vulvar, and vaginal cancer in HIV-infected women in the United States is not negligible. Although screening can prevent most cervical cancer, HIV-infected women have substantially higher cervical cancer incidence than HIVuninfected women [28] , and additional efforts are needed to reduce barriers to screening and improve the management of HPV infections and cervical precancerous lesions in HIV-infected women [29] . Starting cART as soon as possible to avoid even mild degrees of immunosuppression will also help reduce the progression of HPV infection to high-grade anal or cervical lesions [28] . Finally, although a fraction of oropharyngeal cancer is caused by HPV, much of the excess in HIV-infected people is likely due to tobacco smoking [6] , as shown by the similarly large excess observed for cancer of the lung and other head and neck sites in which HPV is not involved [14] . The key prevention strategy remains smoking cessation [6] . In the future, HPV vaccination of adolescents and young adults could prevent most HPVassociated cancers.
Nearly all liver cancers in HIV-infected people derive from chronic infection with HCV or HBV, in contrast to the general population among whom a large fraction of liver cancer is not of infectious origin [30] . HIV-infected people should therefore be tested for HBV and HCV, and should avoid habits that promote liver damage (alcohol drinking and tobacco smoking) [1] . The current program of HBV vaccination in children has the potential to prevent HBV-caused liver cancer in the future, but the contribution of HCV to liver cancer in the US HIVinfected people is nearly four-fold larger than that of HBV. Fortunately, progress in the efficacy and tolerability of antiviral drugs is making HCV treatment more compatible with cART [31] . The US recommendation to screen all persons born during 1945-1965 for HCV infection and facilitate access to increasingly effective anti-HCV therapies is likely to favorably affect HIVinfected people, including those who are not aware of being infected by either virus [31] .
Our study provides the first overall picture of the burden of cancer due to infections in HIV-infected people in the United States, using the fraction of cases that are attributable to infections rather than the combination of cancer sites that are more or less strongly associated with infections [32] . It is also the first to overcome the separation of cancer estimates for people with AIDS and people with HIV-only while being able to take into account the prevalence of the two groups. The combination of people with AIDS and people with HIV-only is consistent with the disappearance of a clearcut separation between the two groups in the cART era.
Although our attributable fraction estimates were sometimes supported by limited information on cancer in the HIV-infected population, we expect them to be robust for Kaposi sarcoma, and cancers of the anus, cervix, and stomach, which are almost completely attributable to infections in any population. Little doubt exists also about the high attributable fractions for HBV and HCV in liver cancer in HIV-infected people [7] . Conversely, attributable fractions for lymphomas are more challenging on account of the heterogeneity of the disease [33] , the evolving influence of cART on the distribution of lymphoma subtypes, and the small number of recent NHL and Hodgkin lymphoma cases in which the presence of EBV has been evaluated (see Supplemental Digital Content 1, Appendix, http://links.lww.com/ QAD/A750).
The HACM study does not include data on cART use. However, some heuristic estimates of the impact of cART can be inferred from the trends in Kaposi sarcoma and NHL that jointly comprised 34% of all cancers in HIVinfected people and contributed 52% of cancers attributable to infection (Table 2 ). Appendix Figs. 1 and 2 show the incidence rates of these cancers in the HACM study, standardized by age and sex, to the 2008 US HIV population. Incidence of Kaposi sarcoma declined more than eight-fold between 1996 and 2008, whereas NHL declined nearly five-fold in the same period, mainly due to decreases in non-CNS DLBCL and CNS NHL. The contribution of Kaposi sarcoma and NHL to the burden of infection-attributable cancer in the early cART era was therefore much larger than the 40% estimated for 2008.
Our estimates of the absolute numbers of cancer cases in HIV-infected people in the United States in 2008 are lower than those recently reported by Robbins et al. [32] for the year 2010. This difference partly reflects the growth of the US HIV population over time. In addition, Robbins et al. [32] corrected their estimates for possible under-ascertainment of cancers in the HIV population due to imperfect sensitivity of the registry linkage and outmigration. We did not apply these corrections in our study since we expect the proportion of cancers attributable to infection to be largely unaffected. We also expect the proportions to be generalizable beyond the United States to other high-income countries in which medical standards and the prevalence of carcinogenic infectious agents are similar to that in the United States, but not to the rest of the world. Important differences affecting the cancer burden in low-income countries include lower life expectancy, a larger proportion of heterosexually acquired HIV infection, delayed and less universal access to cART, and lack of cervical cancer screening. In particular, Kaposi sarcoma and cervical cancer account for a higher proportion of cancer cases in sub-Saharan Africa than in the United States [12] . These sites should therefore be responsible for a substantially higher proportion of infection-attributable cancer in sub-Saharan Africa.
In conclusion, HIV-infected people in the United States show a proportion of cancer attributable to infection that is 10 times as high as in the general population. A few strategies for the prevention of infection-associated cancers have the potential to prevent an even larger fraction of disease in HIV-infected people, who have an increasingly similar life expectancy to the general population [34] . Universal early detection of HIV and uninterrupted cART remain the most powerful tools to prevent Kaposi sarcoma and lymphomas in HIV-infected people, and may also substantially reduce the excess of cancer of the anus and cervix, provided that even moderate levels of immunodeficiency are avoided over the long latent phase of HPV infection.
